Measuring the color tuning of visual neurons is important for understanding the neural basis of vision, but it is challenging because of the inherently three-dimensional nature of color. Color tuning cannot be represented by a one-dimensional curve, and measuring three-dimensional tuning curves is difficult. One approach to addressing this challenge is to analyze neuronal color tuning data through the lens of mathematical models that make assumptions about the shapes of tuning curves. In this paper, we discuss the linear-nonlinear cascade model as a platform for measuring neuronal color tuning. We compare fitting this model by three techniques: two using response-weighted averaging and one using numerical optimization of likelihood. We highlight the advantages and disadvantages of each technique and emphasize the effects of the stimulus distribution on color tuning measurements.
Introduction
In humans, apes, and Old World monkeys, color vision is mediated by the long (L), medium (M), and short (S) wavelength-sensitive cone photoreceptors. Signals from these three cone classes are combined in the retina, sent to the brain, and propagated through a complex processing hierarchy of recurrently connected visual areas. At each stage of this hierarchy, signals from the preceding stages are mixed to create new signals. Signals in the early stages are closely related to the physical properties of light, whereas signals in the later stages are more closely related to perception (Bohon, Hermann, Hansen, & Conway, 2016; Conway, 2009; Conway et al., 2010; Gegenfurtner, 2003; Komatsu, 1998; Solomon & Lennie, 2007) . Neuronal color tuning measurements can help reveal how and where these transformations occur.
A problem in color neurophysiology
Color tuning measurements made in different laboratories are not always comparable. Different laboratories typically use different stimuli, and comparisons are based on data summaries, such as distributions of preferred colors or cone weights. In an ideal world, these summaries would not depend on an experimenter's choice of stimuli, but in reality they usually do. For example, differences in spatiotemporal stimulus parameters affect color tuning (Conway & Livingstone, 2006; Cottaris & DeValois, 1998; Derrington, Krauskopf, & Lennie, 1984; Solomon, Peirce, & Lennie, 2004; Thorell, De Valois, & Albrecht, 1984) . These effects are important but beyond the scope of this article; we focus on how the spectra of lights presented in neurophysiology experiments affect measurements of color tuning.
To illustrate the type of problem we are considering, we analyze an example data set. We probed individual neurons in the primary visual cortex (V1) of a macaque with two types of white noise stimuli. In the phosphor noise stimulus, the three display primaries modulated independently (Fig. 1A) . In the cone noise stimulus, they modulated in ratios selected to stimulate the three cone types independently (Fig. 1B ) (see Appendix I for methodological details of the experiment). The average phosphor noise stimulus that preceded a spike from a single example neuron (Fig. 1C) appears different from the average cone noise stimulus that preceded a spike (Fig. 1D) ; but do these two images reflect the same color tuning? We will return to this example neuron twice more as we present three techniques to estimate color tuning and discuss the transformation of estimates between color spaces. To begin, we discuss the model upon which the analysis techniques are based: the linear-nonlinear (LN) cascade.
The linear-nonlinear cascade model
Models have a central role in color neurophysiology. Without them, color tuning measurements are simply a collection of numerical tables that map stimuli to responses-tables that do not predict responses to untested stimuli and that can never be sufficiently large to characterize 
